Genome stability is constantly threatened by environmental influences and cellular metabolism. DNA double-strand breaks (DSBs), perhaps the most hazardous DNA lesions, arise from failures in DNA replication, ionizing radiation or genotoxic agents [1] [2] [3] . Cells have evolved a complex damage response using two major pathways to efficiently repair DSBs: homologous recombination and nonhomologous endjoining (NHEJ) [4] [5] [6] . In homologous recombination DSBs are repaired in a relatively error-free manner by using a sister chromatid as a template 7 , whereas the two DNA ends are directly ligated together in the more error-prone NHEJ pathway. In addition to classical NHEJ, alternative NHEJ pathways such as microhomology-mediated end-joining, in which DNA ends are trimmed and joined via microhomologies [8] [9] [10] , may be used.
with mutations in the corresponding genes: ataxia-telangiectasia is caused by disruption of ATM, whereas ataxia telangiectasia-like disease (ATLD), Nijmegen breakage syndrome (NBS) and NBS-like disease (NBSLD) are caused by hypomorphic mutations in Mre11, Nbs1 and Rad50, respectively [36] [37] [38] [39] [40] . Affected individuals exhibit radiation hypersensitivity, chromosome instability, cancer predisposition and distinct neuropathologic phenotypes. Differences between neuropathology phenotypes were proposed to result from different impacts of the different mutations on DNA DSB signaling and apoptosis 41 , although the precise molecular bases for the similarities and differences between ataxia telangiectasia, ATLD and NBS are yet poorly understood. For instance, a recent report described an Mre11 mutation, in close sequence proximity to an ATLD mutation, that causes an NBSLD instead of ATLD 42 .
To understand the human disease syndromes caused by MRN defects, it is crucial to reveal how Nbs1 interacts with Mre11. Here, we report structures of the catalytic domain of S. pombe Mre11 (Mre11 cd ) and its complex with the Mre11-interacting region of Nbs1 (Nbs1 mir ). Our structures and biochemical studies define ATLD and NBSLD mutation sites, and we addressed the molecular defects of corresponding mutations in yeast by in vitro and in vivo assays. We were surprised to discover that the Mre11 dimer is flexible and is stabilized by Nbs1. Our results indicate that ATP-and DNA-dependent conformational changes in MR may be coupled to the Mre11-Nbs1 interface, suggesting a global structural switch as a basis for DSB signaling.
RESULTS

Structure of the catalytic domain of S. pombe Mre11
We first used a limited proteolysis approach to screen for stable fragments of S. pombe Mre11 (SpMre11) that were suitable for crystallization and determined the X-ray crystal structure of SpMre11 at a resolution of 3.0 Å ( Table 1) . SpMre11 encompasses the whole catalytic core of eukaryotic Mre11 and is referred to below as the SpMre11 catalytic domain (SpMre11 cd ).
SpMre11 cd dimerizes via phosphodiesterase domains flanked by an α/β 'capping' domain, creating a U-shaped particle with a broad binding cleft for DNA or Rad50. SpMre11 cd harbors two nuclease sites, analogous to bacterial and archaeal Mre11 dimers (Fig. 1) , and retains its single-stranded DNA endo-and exonuclease activity ( Supplementary  Fig. 1a) . Two Mn 2+ ions are coordinated in each of the two apparently functional nuclease sites (Supplementary Fig. 1b) .
The structure of SpMre11 cd is markedly different from that of prokaryotic Mre11 (Fig. 1c) . Notably, SpMre11 cd has a large loop insertion that is unique to eukaryotes and extends the dimer interface distal to the DNA-Rad50 binding cleft. Mutations in ATLD3, ATLD4 and NBSLD map to this loop element, linking it to pathologies caused by MRN defects. In the capping domain, S. pombe Mre11 has an extended α-helix relative to prokaryotic Mre11 (αF, residues 332-358; Fig. 1c and Supplementary Fig. 1c) . αF binds the Rad50 NBD without ATP 43 . An internal deletion in αF, Del(340-366), is associated with ATLD, suggesting that this region is critical for Mre11 function and/or stability 40 . These structural differences probably contribute to the additional functions of eukaryotic Mre11 in DNA damage signaling.
Structure of the Nbs1 mir -Mre11 cd complex
To crystallize a complex between Nbs1 and Mre11 cd , we first narrowed down the Mre11 interaction site of S. pombe Nbs1 to residues 474-531 ( Supplementary Fig. 2a ) 44 , referred to as the Nbs1 Mre11-interacting region (Nbs1 mir ). Copurifying Mre11 cd with Nbs1 variants showed complexes with approximately equimolar stoichiometry ( Supplementary  Fig. 2b ) that were too sensitive to higher ionic strengths to allow Fig. 2c and Supplementary Table 1 ). This allowed us to determine the X-ray crystal structure of the Nbs mir -Mre11 cd fusion protein at a resolution of 2.4 Å ( Fig. 2a and Table 1 ). To rule out structural influences of the fusion, we also generated a reversed and cleavable fusion protein (Mre11 cd 7-413 fused to Nbs mir 474-531 ; Supplementary Fig. 2d ). After proteolytic cleavage of the linker peptide, we determined the X-ray crystal structure of the unfused complex of Mre11 cd and Nbs mir at a resolution of 2.2 Å. Both structures are highly similar, arguing against influences of fusion and construct design (Supplementary Fig. 2e ). All crystallization conditions for fused or unfused Nbs1 mir -Mre11 cd contained citrate ions, which chelate one Mn 2+ ion from the Mre11 active site. To yield crystals of Nbs1 mir -Mre11 cd with two Mn 2+ ions per active site, we added 50 mM MnCl 2 to the crystallization conditions ( Table 1 and Supplementary Table 2) .
The Nbs1 mir -Mre11 cd structure shows a complex with 2:2 stoichiometry but marked internal asymmetry (Fig. 2a) . Two Nbs1 mir molecules wrap around the outside of the two Mre11 phosphodiesterase domains, each binding in a highly extended conformation via a α-helix-β-strand motif (interaction region 1). However, one of the two Nbs1 mir molecules additionally binds across the Mre11 dimer interface, forming a second interaction opposite the nuclease cleft (interaction region 2; Fig. 2a-c) . Consequently, a highly conserved NFKxFxK motif (residues 518-526; where x signifies any residue) from one Nbs1 mir bridges both copies of the eukaryote-specific loop insertion in the Mre11 dimer. Binding of the second NFKxFxK motif from the other Nbs1 molecule is sterically excluded at this site, 'breaking' the symmetry of the Mre11 dimer. Binding of the NFKxFxK motif at the Mre11 dimer interface is mediated by eukaryote-specific insertion loops (one from each Mre11 protomer). As a result, these loops undergo a substantial structural change and a disorder-to-order transition, leading us to name these latching loops. The interaction of Nbs1 with the Mre11 dimer suggests that Nbs1 has an active role in the functional architecture of the MRN complex.
Details of the Nbs1 mir -Mre11 cd interfaces
Interaction motif 1 is polar with a few conserved hydrophobic anchor points. Helix αA (Nbs1 Asp477-Arg486) attaches to the Mre11 loop emerging from the metal-coordinating active site motif IV ( Fig. 2d and Supplementary Fig. 3a) . This orients the N-terminal region of Nbs1 (absent in our structure) toward the entry/exit of the nuclease cleft of Mre11, placing repair and checkpoint factors that interact with the Nbs1 FHA and BRCT domains near DNA 25, 26 . Nbs1 residues Leu487-Gly491 bind as a loop across the short Mre11 helix element αD, creating a hydrophobic interaction between the highly conserved residues Mre11 Phe238 and Nbs1 Leu490. Following these motifs, Nbs1 residues Ser492-Ile496 bind as a third strand (b1) to a twostranded β-sheet of Mre11.
Interaction motif 2 (NFKxFxK) binds via a hydrogen bonding and π-stacking network across both latching loops of Mre11 ( Fig. 2e and Supplementary Fig. 3b,c) . It is itself pseudosymmetric and pseudosymmetrically binds both latching loops in the Mre11 dimer via similar contacts. Residues of the NFKxFxK motif that directly contact Mre11 are almost invariant among Nbs1 species, suggesting the high functional relevance of this interaction (Supplementary Fig. 3b ).
Analysis of ATLD and NBSLD mutations
Our results provide a structural framework for the molecular pathologies of several human ATLD and NBSLD mutations ( Fig. 3a and Supplementary Fig. 4) . Notably, the human equivalent of SpMre11 Asn122, the residue that sandwiches the invariant Nbs1 phenylalanine finger in the Mre11 dimer interface, is mutated in ATLD3 and ATLD4 (ref. 39 ; human Mre11 N117S, see Fig. 3a and Supplementary  Fig. 4a ). Human Mre11 W210C leads to ATLD7/8 (ref. 45) , and the equivalent residue SpMre11 Trp215 caps the three-stranded shared β-sheet between Mre11 and Nbs1 ( Fig. 3a and Supplementary Fig. 4b ). Thus, ATLD7/8 probably affect Nbs1 interaction at interaction region 1. The same structural region is mutated in the temperature-sensitive S. cerevisiae(ts) mutant (human Mre11 P162S), which also has compromised MRX complex formation 46 . The compound heterozygous mutation of human W243R with the deletion mutation Del(340-366) is associated with ATLD, and the latter mutation maps to the central long helix of the capping domain 40 (Fig. 3a) . Such a severe truncation probably destabilizes the protein, explaining the lower Mre11 concentrations npg a r t i c l e s in these subjects compared with normal individuals, but it is also expected to affect the precision of interaction with Rad50. The point mutation W243R in the other allele maps to SpMre11 Trp248, which forms the hydrophobic core of the structural region linking the nuclease active site to the contact site of SpNbs1 helix αA (Supplementary Fig. 4c ). Thus, human Mre11 W243R could affect both nuclease activity and Nbs1 binding.
A compound heterozygous mutation of human Mre11 D113G is linked with a so far unreported NBSLD 42 . The equivalent SpMre11 Asp118 forms a salt bridge across Mre11 protomers ( Fig. 3a and Supplementary  Fig. 4d ). Thus, differential impacts on Mre11 dimer functionality and Nbs1 interaction may account for the observed phenotypic differences.
In gel filtration analyses testing the effect of ATLD mutations and mutations in the Nbs1 NFKxFxK motifs, SpNbs1 containing F524E or K522E K526E mutations interacted with SpMre11 in the presence but not the absence of Mn 2+ (Fig. 3b) , reflecting a compromised but not abolished interaction. Similarly, ATLD-like mutations SpMre11 N122S, W215C and W248R interact with Nbs1 428-613 in the presence of Mn 2+ but not without it. Although we did not expect a direct structural link between Nbs1 binding and metal binding to the Mre11 active sites, it is consistent with a mutation in the Mre11 phosphodiesterase motif that disrupts MRX in vivo 47 .
Impact of Nbs1 binding on Mre11 dimer conformation
The latching loops not only bind Nbs1, but also substantially extend the Mre11 dimer interface, which can be split into two functional parts (Fig. 4a) . The first part, found in Mre11 from all phylogenetic domains, is a four-helix bundle between αB and αC from each protomer. The second part, which is unique to eukaryotic Mre11, comprises the latching loops that interact with each other via an extended loop with (but not without) Nbs1. As seen from the structures of Nbs1 mir -Mre11 cd and apo Mre11 cd , Nbs1 induces a disorder-toorder transition and geometric rearrangement of the latching loops ( Fig. 4b-d Nbs1 also induces a 30° rotation in the dimer angle toward a conformation with a narrower nuclease cleft (Fig. 4e) . The highly conserved SpMre11 Arg85 seems to be a critical element of the Mre11 dimer conformation, reaching across the dimer interface and binding to the C terminus of helix αC at the other protomer, thereby stabilizing the geometry of the four-helix bundle (Fig. 4a) . Arg85 is coordinated in this conformation by a salt bridge with SpMre11 Asp118 of the latching loop; this interaction is missing without Nbs1, enabling the four-helix bundle to shift.
This buried-interface salt bridge between SpMre11 Arg85 and Asp118 is evolutionarily conserved, and the compound heterozygous mutation of human Mre11 D113G has been linked with NBSLD 42 . Notably, hypomorphic mutations that are in close spatial proximity and located in the same functional loop, such as human Mre11 D113G and N117S (ATLD3/4, ref. 39), lead to different subject phenotypes. However, our observation that the latching loop not only is important for Mre11-Nbs1 interaction but also stabilizes Mre11 dimer conformation offers an explanation for this observation. Thus, if the ATLD and NBSLD mutations differentially affect Nbs1 interaction and Mre11 dimer geometry and stability, this could differentially affect repair and checkpoint functions of MRN and hence disease phenotypes.
In vivo functions of Mre11 latching loops
To understand the function of the Mre11 latching loops and to clarify the different phenotypes of ATLD and NBSLD mutations in this region, we studied the consequences of certain mutations in vivo using S. cerevisiae as a model organism. We analyzed the charged interface residue ScMre11 Arg76 at the helix bundle and ScMre11 N113S, equivalent to the ATLD3/4 mutation of human Mre11 N117S 39 (Arg85 and Asn122 in S. pombe, Fig. 4a) . We also analyzed ScMre11 Asp109 at the latching loop (Asp118 in S. pombe, Supplementary Fig. 3a) , which corresponds to a residue that is mutated in human NBSLD 42 (human Mre11 D113G).
We used a plate survival assay to monitor the consequences of these mutations in response to various genotoxic agents. mre11-R76A cells were as sensitive as mre11 cells to methyl methanesulfonate, hydroxyurea and the topoisomerase 1 inhibitor camptothecin, whereas the conservative R76K mutation caused no detectable hypersensitivity phenotype (Fig. 5a) . A comparable sensitivity was observed for mre11-N113S cells, whereas the NBSLD analogous D109G mutation did not show any visible defect. Consistent with the results of our plate survival assay, homologous recombination is impaired in mre11-R76A and mre11-N113S strains when analyzed in a mating-type switch assay 48 (Supplementary Fig. 5a ). Thus, ScMre11 Arg76 and Asn113 are crucial for the mitotic repair functions of Mre11 in S. cerevisiae.
Owing to the functions of Mre11 in meiosis, we also compared the meiotic phenotypes of mutants that showed growth defects in plate survival assays. Both N113S and R76A mutations led to much lower spore viability compared with wild type (Fig. 5b) . But whereas the mre11-N113S mutant generated fewer viable spores than wild-type cells, we did not observe any viable mre11-R76A spores. Thus, the Mre11 dimer interface mutation ScMre11 R76A resembles an mre11-null phenotype regarding both mitotic repair and meiotic functions.
We next monitored whether the phenotype of the mutants was due to defects in the cellular localization of Mre11. Both N113S and R76A mutations led to much lower nuclear accumulation of Mre11 compared with wild type (Supplementary Fig. 5b ). The DNA damage sensitivity caused by XRS2 deletion can be rescued by adding a nuclear localization sequence (NLS) to Mre11 (ref. 49 ), so we generated Mre11 variants containing an additional SV40 large T-antigen NLS at the C terminus. Notably, although all NLS-tagged Mre11 mutants relocated to the nucleus, the NLS rescued the repair defects of mre11-N113S but not of mre11-R76A strains in plate survival and mating type-switch assays ( Fig. 5a and Supplementary Fig. 5a,b) .
As nuclear mislocalization caused by a defect in Xrs2 interaction cannot explain the severe phenotype of mre11-R76A, we examined the integrity of the MRX complex for this and other Mre11 mutations. Protein concentrations of Mre11, Rad50 and Xrs2 were similar in cell lysates from wild-type and mutant cells, ruling out general misfolding and degradation as the main cause for the observed (Fig. 5c) . Mre11 R76K, N113S and D109G formed stable complexes with Rad50, but the interaction of Mre11 R76A with Rad50 was lower than that of the wild type (Fig. 5c) . In contrast, all Mre11 mutants had impaired interaction with Xrs2, suggesting that the lower affinity for Xrs2 does not necessarily lead to repair defects and that Mre11 R76K and D109G must retain an ability to bind Xrs2 to localize in the nucleus.
ScMre11 Arg76 mapped to the dimer interface of Mre11, and R76A was not rescued by an NLS, indicating that it may affect dimerization. To test this, we introduced a second plasmid, coding for a C-terminally hemagglutinin (HA)-tagged Mre11, into the Myc-tagged mre11 shuffle strain to create 'mixed' dimer complexes. We then immunoprecipitated Myc-tagged Mre11 and probed dimer integrity by using an antibody to HA-tagged Mre11 (Supplementary Fig. 5c ). Mre11 dimer stability was lower in the mre11-R76A strain compared with wild type, indicating that the Mre11 latching loops have a crucial role not only in binding to Nbs1 or Xrs2 but also in stabilizing Mre11 dimers in S. cerevisiae.
Finally, we tested how mutations targeting the latching loops affect the function of Mre11 in telomere length maintenance (Fig. 5d) . This process depends on all components of the MRX complex, with null mutations of any of these factors leading to telomeres of shorter but stable length 50 . Our analyses showed that, similar to cells whose Mre11 function was totally disrupted (mre11∆), both the R76A mutant and the ATLD-analogous mre11-N113S mutant strain have substantially shorter telomeres than wild-type cells, whereas the NBSLD-analogous D109G mutation had shortened telomeres of intermediate length between those in wild-type and mre11∆ cells. In contrast, we observed no substantial telomere shortening in strains bearing the conservative R76K mutation. Notably, addition of the NLS had no or only very minor rescue effects on the telomere lengths of N113S and D109G mutant strains.
Taken together, these results show that the mitotic repair and recombination deficiency of mre11-N113S can be explained by a nuclear localization defect. Indeed, this mutant was competent in Xrs2-independent mitotic repair functions, and its sensitivity to genotoxic agents was rescued by addition of a NLS to Mre11. In contrast, our data suggest that telomere maintenance depends on a stable interaction between the NFKxFxK motif of Xrs2 or Nbs1 and the latching loops of Mre11 that is probably still compromised in mre11-N113S-NLS. All observed Mre11 mutant strain phenotypes are summarized in Supplementary Table 3 .
The R76A mutation not only impairs Xrs2 interaction but also more directly affects the Xrs2-independent repair functions of MR by compromising the Mre11 dimer structure. However, purified SpMre11 cd R85A forms dimers and interacts with Nbs1 428-613 , although the Nbs1 interaction is sensitive to Mn 2+ (Supplementary Fig. 5d ), indicating that it is weakened. Thus, the equivalent ScMre11 R76A mutation probably does not completely disrupt Mre11 dimers.
DISCUSSION
Our results provide a structural framework for eukaryotic Mre11 and its complex with Nbs1, revealing the molecular basis of a core part of the MRN complex (Fig. 6a) . Nbs1 wraps as an extended chain around the Mre11 phosphodiesterase domain with 2:2 (Mre11:Nbs1) stoichiometry, but only one of the two Nbs1 molecules completely binds Mre11 via the NFKxFxK motif, as the observed asymmetric binding mode sterically excludes binding of the second Nbs1 NFKxFxK motif to the latching loops. Although we crystallized only a small portion of Nbs1, the observed complex probably harbors most if not all of the interaction sites between Nbs1 and Mre11 (ref. 49) . However, at least for the human MRN complex, npg a r t i c l e s there is thought to be an additional interface between Nbs1 and Rad50 that might map to the region N-terminal to the cocrystallized fragment 51 .
Recently, a crystal structure of human Mre11 was published that differs substantially from the dimeric conformation of the S. pombe Mre11 structure presented here 52 , despite an otherwise identical fold (Supplementary Fig. 6a ). Whereas in S. pombe the canonical four-helix bundle forms the dimer interface 43, 53 , in humans the Mre11 dimer is connected by a disulfide bond between helix αC from each monomer ( Supplementary Fig. 6b,c) . The responsible cysteines are not conserved between Homo sapiens and S. pombe, or even among all vertebrates (for example, X. laevis). Thus, at this time, the functional state of the conformation of the human Mre11 structure without Nbs1 is unclear.
The extended interface of Nbs1 along the phosphodiesterase domains of Mre11 clarifies the molecular pathology of ATLD. ATLD-associated point mutations along these interfaces validate the observed interactions and show that binding between Mre11 and Nbs1 is mediated by several distributed, independent interaction sites (Fig. 3) . Thus, single point mutations probably do not completely disrupt the complex, explaining the hypomorphic phenotype of different ATLD variants. Furthermore, the mitotic repair and recombination functions of MR are largely unaltered by the ScMre11 N113S mutation if nuclear levels of MR are recovered by an NLS on Mre11 (ref. 39; Fig. 5 ). This suggests proficient Mre11 nuclease and Rad50 ATP-binding capabilities of MRN in ATLD3/4. However, the NLS scarcely rescued telomere shortening in mre11-N113S, indicating that a stable interaction between the NFKxFxK motif of Xrs2 or Nbs1 and the latching loops of Mre11 may be crucial for MRX-mediated telomere maintenance. This is in agreement with the results of an earlier study identifying an acidic point mutation in the Xrs2 NFKxFxK motif that leads to shortened telomere length 49 . A major role of the MRX complex in telomere maintenance is to recruit the checkpoint kinase Tel1 to short telomeres 54 , so the phenotypes observed may represent defects in Tel1 recruitment or activation.
In contrast, the arginine finger mutation (Arg76 in S. cerevisiae and Arg85 in S. pombe) was not rescued by NLS tagging, suggesting that this mutation induces a fundamental defect in Mre11. As SpMre11 cd R85A formed dimers and interacted with Nbs1 mir in vitro, and prokaryotic Mre11 lacks this motif altogether, we are surprised that the arginine finger mutation has such a marked phenotype 43, 53 . Thus, we propose that this arginine has a role in orienting the Mre11 dimer in a conformation that is important for MRN function. This arginine finger also coordinates a conserved aspartate in the latching loop (Asp109 in S. cerevisiae and Asp118 in S. pombe) that is mutated in NBSLD, and the analogous mutation in S. cerevisiae led to significantly shortened telomeres. We assume that this stems from a partly destabilized Mre11 latching loop coordination and Xrs2 interaction in mre11-D109G, which impairs the Xrs2 dependent telomere maintenance functions of the complex.
Notably, through our structural and functional analyses we found asymmetric bridging of Mre11 dimers by a single Nbs1 subunit, paired with intrinsic flexibility of the eukaryotic Mre11 dimer. Nbs1 side chains in direct contact with Mre11 at the latching loops are more or less invariant across species (Supplementary Fig. 3b ), so this asymmetric bridging seems to be a conserved feature of the Nbs1-Mre11 interaction. We do not know what the other 'free' NFKxFxK motif does in the complex. One possibility is that one Nbs1 controls the functional architecture of MR whereas the other interacts with other repair proteins or DNA. This could provide an asymmetry that may reflect the necessarily asymmetric protein interactions at a DNA end.
Because the Mre11 dimer structure is bridged by the pseudosymmetric NFKxFxK motif, we are tempted to speculate that conformational changes in the Mre11 dimer and Mre11-Nbs1 interaction are important for MRN function. In support of this, the dimer interface residues of bacterial and archaeal Mre11 undergo conformational changes upon Rad50-dependent ATP binding 19, 20, 43, [55] [56] [57] Fig. 6d,e ). An Mre11 dimer angle rotation, controlled by Nbs1 on one side and by DNA and/or Rad50 plus ATP on the opposite side of Mre11, might be sensed by ATM via the C-terminal tails of Nbs1, adjacent to the NFKxFxK motif (Fig. 6b) . This region of Nbs1 contains an ATM-interaction motif 28 that directly stimulates ATM in X. laevis egg extracts 32 .
Although the mechanistic link between Rad50 and DNA binding to Mre11 requires further studies, our data suggest that Mre11 dimer flexibility and its control by Nbs1 could be an important part of MRN function.
METHODS
Methods and any associated references are available in the online version of the paper. 
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Yeast DNA extraction and analysis of telomeric DNA. Genomic DNA was isolated from 50 ml culture at A 600 of 1.0. For analysis of telomere length, genomic DNA was digested overnight using XhoI and separated on an 1% agarose gel in 1× Tris-acetate-EDTA buffer. DNA was transferred to nylon membranes (HybondN+) by capillary blotting using 0.4 N NaOH. Detection of telomeric DNA fragments was done as described 50 .
Structure based sequence alignments. Protein sequences of Mre11 from eukaryotic organisms S. pombe (SpMre11), S. cerevisiae, Danio rerio and H. sapiens were aligned with ClustalW 64 . The archaeal Mre11 sequence from P. furiosus (PfMre11) was added after calculating a pairwise alignment of PfMre11 and SpMre11 cd with the program FATCAT 65 using the PDB coordinates of PfMre11 (PDB 1II7) and SpMre11 cd as input files. The PfuMre11-SpMre11 alignment was further revised by comparison of the overlaid structures with PyMOL (DeLano Scientific).
